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IntroductIon
E-collaboration amongst researchers requires not only the people working together but all the layers of a collaborative system working together as well, starting at the point where people interface with the system. Although this article concentrates more on the technical infrastructure required for e-collaboration, the influence of the social and people issues on the conceptual design of the interface and the functionalities of the collaborative system will also be discussed. Often, the interface/interaction between the 'soft' and the 'hard' issues generates some interesting and dynamic effects between the layers of the infrastructure (Dourish, 1999) .
As a starting point, this article presents a framework to illustrate the dependencies of the different layers of the infrastructures for a collaborative system. Against this background, a case study undertaken since the early 1990s on an e-collaborative environment will be discussed. The system, named the Virtual Knowledge Park (VKP), developed from a number of research projects and grew into a commercial platform. The developmental journey for the infrastructure used in the case study will be reviewed alongside the lessons learned.
The article concludes with an extrapolation of the infrastructure that is required for future research collaborations.
Background
The common reference point to the beginning of collaborative systems can be dated back to 1984 when the term computer-supported cooperative work (CSCW) was coined by Irene Grief and Paul Cashman (Grudin, 1994) . With the coining of terms such as e-commerce, e-government and e-communities, e-collaboration has become the latest label for CSCW.
The starting point of e-collaboration, however, can be traced back even before 1984 when e-mail, teleconferencing systems and office automation were the emerging technologies (Hiltz, 1984; Wainwright & Francis, 1984) . The label groupware (a term first used by Peter and Trudy Johnson-Lenz) took over around 1990 to refer to the technologies for CSCW and included a wide range of applications (Ellis, Gibbs, & Rein, 1991) . Advances in networking provided a driving force for the development of these collaborative systems. In particular, the system architecture could then evolve from being monolithic and centralised to becoming client-server and decentralised. Collaborative systems are becoming more pervasive (Chung & Dewan, 2004) in both the work and the social spaces of users.
Another driving force came from the World Wide Web (WWW), which became available to the commercial world in the 1990s. This in turn introduced various collaborative tools to a wider user base. These tools originally had been restricted to academic or large commercial organisations. This opening up of access fuelled the pace of development and the deployment of tools such as e-mail software on clients, discussion forum, instant messaging, and file sharing. These tools have become defacto standard functionalities in any collaborative systems today.
The availability of bandwidth has also made multimodal interaction a common experience in today's collaborative environments. Users do not just interact in text, but also in audio, graphical, and video modes. This has offered researchers new ways of working together, and richer media for the exchange of information, knowledge and ideas.
The next section charts the evolution of collaborative systems against the evolution of the other different layers of the underlying infrastructure. This can provide some insights into the shape of things to come.
R

EVolutIon oF thE InFrastructurE For E-collaBoratIon
The technical infrastructure for a collaborative system consists of a number of layers interworking with each other. A framework is devised to analyse the evolution of each of these layers (namely access devices, collaboration metaphors, tools, architectures, and networks) and how each layer might impact on the development of the others over time (see Table 1 ). The timeline in the table only charts the period when the selected collaborative tools had a commercial presence.
In the mid-1980s, the human-computer interface changed from being text-based to becoming graphics-based, with icons representing items that were familiar on or near a desk at work. A "collaborative" environment typically consisted of e-mail and office tools. More complex systems such as Lotus Notes also started to emerge (IBM, 2005) for improving document management and internal communications. Workflow management systems (Kobine, 1986) were used to route forms from one person to another and to maximise the degree of automation. A mainframe mentality was still dominant hence architectures were typically centralised. Local area networks (LAN) began to make an impact as a common network infrastructure. Only the large international organisations had wide area data networks (WAN) in place. These kinds of systems are still evolving-mostly being incorporated into an enterprise wide system and ported to the Internet with a browser front-end for access.
In the early 1990s, desktop computers gained more processing power. This encouraged the increasing use of graphics and video. There were experiments with various different metaphors on the computer screen, such as a graphical representation of buildings, rooms, workspaces, and so on. The workspace metaphor seems to have had the most long lasting appeal as it can still be found in today's products such as BSCW, eRoom, Groove, and VKP (see later sections). The World Wide Web started to make an impact but mainly for sharing hypertext documents. The range of applications increased when the client-server architecture was extended to the n-tier architecture (Lubich, 1995) . After the mid-1990s, it was possible to run more complicated applications with database technologies and wrappers over the Internet. W3C standards became more mature. Virtual environments such as online communities mushroomed with a range of tools at their disposal (Benford, Brown, Reynard, & Greenhalgh, 1996; Pfister, Schuckmann, Beck-Wilson, & Wessner, 1998) . There were attempts at mixing 3-D graphics into these online communities and the provision of desktop videoconferencing facilities, but the bandwidth was not high enough to meet user expectations regarding performance. There were
Table 1. Adoption of commonly known technologies in the infrastructures for e-collaboration
also experiments with augmented reality and different immersion devices (Streitz, Konomi, & Burkhardt, 1998) .
In the 21 st century, another leap was driven by the availability of high bandwidth connections and the increasing mobility of networked digital devices. Today, it is possible to receive up-to-date multimedia information on a PDA without the need to be near a socket. A portal (usually via a Web browser) has become a common metaphor for a gateway to a pool of resources. Collaborative software is also further permeating our social space (e.g., blogs and Yahoo groups). The use of peer-to-peer (P2P), Web services and grid computing in the architecture can in theory facilitate the delivery of resource-on-demand whenever and wherever desired. Music sharing activities using Kazaa is an example of using P2P. The realisation of the full potential of these emerging architectures is still an ongoing challenge. Integration and open standards are crucial.
a casE studY: thE VIrtual knoWlEdgE Park (VkP)
The VKP, formerly known as the Virtual Science Park (VSP), grew out of a research and development programme at the interdisciplinary Centre for Virtual Working Systems at the University of Leeds (Dew, Leigh, Drew, Morris, & Curson, 1995; Leigh, Dew, Drew, Morris, & Curson, 1996) . The vision for the development of a knowledge-based collaborative environment was to improve support for knowledge transfer activities and research collaborations between academics and industries. The system was intended to provide a professional service to its user communities, hence a spin-off company and an internal support unit emerged during this period to oversee the quality of deliveries and support.
The next few sections describes how the underlying infrastructure of the VKP evolved over a period of more than 10 years and the main lessons learned from a number of evaluation exercises.
archItEcturE and nEtWork
Since its inception, the VKP has been based on a client-server architecture over the Internet. There is a central repository for documents and a data feed from another centralised database of expertise within the university. This centralised approach has largely remained unchanged.
collaBoratIon tools: PhasE onE
In the earliest release (i.e., the VSP in the mid-1990s), the role of VKP was mainly for providing support for information sharing and a means for electronic communications amongst group members. The following functionalities were provided:
• Trials of the VSP(v1) with real users within and outside the university were conducted at the end of phase one. As a result, the seed of an "expertise matcher" was sown. This feature was to be built in the next version, VSP(v2).
A usability evaluation (Lau, Curson, Drew, Dew, & Leigh, 1999 ) also revealed that the rigid centralised/hierarchical access control was not liked by the users. (For example, a user needed the administrator's authorisation to allow a new member to join a resource room.) There was also a need for better document version control, awareness features, and integration between the shared area and a user's own work area. Even a "group" trash bin was suggested to act as a temporary bin just in case there was any disagreement regarding which files could be removed from the shared area. These issues could not be addressed in the VSP(v2) and had to wait for a redesign to the VKP as they required a major paradigm shift away from viewing groups as "tenancies" towards defining them as "users."
collaBoratIon tools: PhasE tWo
In the VSP(v2), the expertise matcher feature should enable users to identify new potential collaborators. The notion of bringing people together also emerged so that the benefits of chance meetings in the real world could be replicated in the virtual version.
To enable users of the VSP(v2) to locate research expertise within the university, an expertise matcher was developed based on the University of Leeds Research Expertise and Publications Information System (REPIS). REPIS was a structured database which stored information on individual academics publications, current and completed research projects, and research expertise. Data were acquired from either university central sources, existing legacy publications databases, or by direct input by departmental administrators and individual academic members of staff. REPIS later evolved into the University of Leeds Publication Database (ULPD). More details could be found in Liu (2004) .
Initially there were issues about the validation and quality of the data. However, the currency and accuracy of the information were assured when the data were integrated with the university's research support processes regarding preparation for the research assessment exercise (RAE). The RAE was a periodic peer review exercise for ranking the research standing of UK's higher education institutions. Figure 1 shows the conceptual view of the integration of REPIS in VSP(v2).
Another round of evaluations took place at the end of phase two. One example was the Packaging Executives Tutorial Information Service (PETIS) Tenancy on the VSP(v2). This project studied the requirements based on the print and packaging industry and developed a community of interest. VSP(v2), with REPIS input, provided a common information space to support the participants before, during and after face-to-face workshop events. The participants were researchers and senior executives. Experience showed the invaluable contributions of face-to-face interactions (via the workshops) and that the effective use of an on-line environment for further collaboration would require follow-on facilitation and cultural changes (Curson et al., 2001 ).
collaBoratIon tools: PhasE thrEE
A major overhaul of the design took place in this phase which formed the basis for the latest version, the VKP. Analysis from the previous evaluation activities conducted with end users over a number of years showed that a collaborative environment must be able to provide an organisational structure which can support four distinct levels:
•
The Organisational Level: A park-wide services (metadata) should be available to all users such as directories of information about people, organisations, services, and resources (i.e., the "organisational memory" and "brokering service" in Figure 2 ).
The Community Workspace: A collaborative area where all facilities (the document management system, discussion boards, whiteboards, chat rooms, online messaging) would be available (i.e., some of the tools in the "virtual team workspaces" in Figure 2 ).
The Project Workspace: A project area which could be created by any user based around themselves as well as named individuals selected from the Contact Management System. The creator of the project space would have the ability to assign access rights to documents and resources (i.e., the "virtual team workspaces" in Figure 2 ).
The Personal Workspace: Personalised services including one's own customised "place," search spaces, links to project workspaces and communities. This could then be used as the home entrance for registered members (i.e., see the "personal workspace" in Figure 2 ).
To improve the awareness within the VKP, alert services could be set up by individuals so that messages would be sent to the individual's usual mailbox when a tracked event took place.
Before rolling out the deployment of the revamped VKP, an evaluation exercise took place on the prerelease version to identify any final refinement and the type of user training/support required (Lau, Adams, Dew, & Leigh, 2003) . By this time, the VKP was a wellpolished commercial system and the user expectation adjusted accordingly. A support unit was also set up to offer initial training and a help desk service.
To date, the VKP has been mainly used for its document management functions and project workspaces. The vision of facilitating the formation of communities/social networks has not been realised.
collaBoratIon mEtaPhors and accEss dEVIcEs
These two layers of the infrastructure are the ones closest to the end users. Getting them right had been challenging as user experiences and expectation have changed rather rapidly over the last decade. The only stable factor has been that the main access was via the web browser, with the option of adding a webcam and microphone for videoconferencing. Underlying the VSP(v1) was the concept of the park metaphor and the notion of shared spaces. Clients of the VSP(v1) rented space on the Park in order to establish a tenancy which supported the development of their "business," drawing upon the functionalities provided in a suite of "rooms," including reception areas, workspaces, and knowledge resource rooms. An example of the metaphor used is shown in Figure 3 .
This metaphor might be appropriate for corporate users but might be slightly alienating for grass root researchers. Moreover, mimicking the physical metaphors of a park/tenancies had in fact caused difficulties for users to navigate around the "virtual walls" in the environment. This was particularly the case when a user had access to more than one tenancy. In addition the desktop had too much nonfunctional space.
Hence in the VKP, a "grass root" view was provided without a 3-D graphical interface. Once logged on, a user would be able to go directly to his/her own workspace, but also able to see and access all the relevant team workspaces. A familiar navigation tree structure was provided on the navigation pane on the left (common in many desktop applications). The main display area remained on the right. By this stage, most users were familiar with the web browser interface and the window-based metaphors. The 3-D graphical interfaces did not seem to be missed. User-friendliness was not a problem anymore.
What do rEsEarch communItIEs Want
Evaluating the VKP showed it had a mixed reception. On one hand, a working system had been delivered with useful functionalities. On the other, the activity level had been much lower than expected. Sustainability was identified as the main issue. An empirical study confirmed that there might be a conflict between the corporate (centralised) view of knowledge sharing and the individual researcher's (decentralised) perception on the cost and benefit of such activities (Tian, Lau, & Dew, 2004) . Several myths were discovered on the way:
• Researchers want to share: An over simplistic view of sharing can limit the benefits of using an e-collaboration system. There is definitely a difference between sharing published /completed material and sensitive/work-in-progress material. The former will largely fall into the Library remit where sharing has been taking place for a long time. The latter, however, is more problematic and the circulation of this material needs to be tightly controlled.
•
Research resources are free: There is a belief that undertaking research is a form of public service and research resources should be freely sharable. However, the reality is that research resources are expensive (e.g., licenses for software, equipment, time spent by a researcher) and increasingly a charge has to be levied for access to these resources. Ignoring this aspect might prohibit the willingness to share.
• Researchers want to change the way they collaborate: There is always some inertia or even resistance to changing working practices. Researchers are not exempt. If the current provision for collaboration seems adequate and is well understood, any new collaborative tools will be an unwelcome distraction for the individuals. Moreover, different types of material being shared in the e-collaboration system (e.g., documents, datasets, models) might dictate the means of sharing in a way researchers dislike. For example, certain datasets might be in a specific format only suitable for use by a specific piece of software.
• Researchers all have the same level of IT proficiency and expectation: While huge effort have Figure 3 . An office in the first version of VSP been made to ensure the "user-friendliness" of the collaborative environment, it turns out that this could be a turn-off for some users. For example, some researchers in certain disciplines might be used to command line driven applications and would find the supposedly user-friendly interface cumbersome and limiting. A better understanding of the competencies and needs of specific groups of researchers might help us provide the correct level of customisation for them.
A couple of other lessons were also learned:
• 3-D metaphors offered little value-adding information for knowledge-based activities. Simply replicating "real-world" metaphors in a virtual world does not entice users.
The value-statement of a system must be clearly articulated and understood by all in the development process as well as intelligibly communicated to the users. An inherently weak value-statement will inhibit the uptake of a system.
FolloW-on ExPErImEntal sYstEms
The lessons learned from the case study has led to a belief that the knowledge sharing infrastructure should be more decentralised and should be directed towards empowering the individual researchers. The peer-topeer (P2P) architecture appears to have the potential for a community-based knowledge market infrastructure (Tian, 2005) . The service-oriented architecture (SOA) also supports the vision of market-based paradigm. A complete rethink on the underlying infrastructure might be timely. In parallel, Grid technologies (Foster, Kesselman, & Tuecke, 2001 ) have gathered momentum in the scientific research communities (Atkins et al., 2003; Hey & Trefethen, 2002) and are spreading to the social and behavioural sciences (Berman & Brady, 2005; ESRC, 2004) . Hence, an experimental prototype using a service-oriented architecture for integrating P2P and the Grid is being developed to better support scientific research communities (Pham, Lau, & Dew, 2004; Pham, Lau, Dew, & Pilling, 2005) .
conclusIon
It has been an interesting two decades for e-collaboration. This article has provided an account of the developmental journey of a particular collaborative system for research communities-the Virtual Knowledge Park. Valuable lessons have been learned. Some could be addressed immediately at the application level, others seem to point to the need for a more fundamental change to the infrastructure. This article suggested a few developments which could trigger a very different approach to collaboration in the future.
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